Electric dipole moment (EDM) required for the relative motion of carbon nanotube (CNT) walls in nanoelectromechanical systems (NEMS) such as actuators and oscillators is studied by functionalization. Pristine (5, 0) zigzag carbon nanotube with little inherent electric dipole moment (ì) were deformed by adding three -OH functional groups to its end rims. The properties of eight yielded isomers are studied. The Gibbs free energy calculations demonstrate that the eight structures are more stable than pristine CNT. The induced deformation resulted in charge imbalances which developed large electric dipole moments for each case. The values of dipole moments produced for all cases are calculated. The bandgap energy, conductivity, density of state (DOS) and IR spectra of these structures are also computed and analyzed. The study revealed that the location of the -OH positioning (site selectivity) which gives rise to different degrees of deformation has a significant impact on all of the above parameters, especially the magnitude and direction of the electric dipole moment. The functionalization produced large ì of about 6.9 D for 60 carbon atoms nanotube which is higher than in the previous study. Applying an external electric field to the isomers causes the CNTs with large dipole moments to either get attracted or repelled and hence physical movement or oscillation of the nanotube occurs. The frequency of this oscillation is in gigahertz scale.
Introduction
With the advent of carbon nanotubes (CNTs) special structural, electronic, and optical devices along with many potential applications are being introduced to scientists and engineers. [1] [2] [3] [4] [5] One-dimensional single-wall carbon nanotubes (SWCNT) for example, are employed in new composites, molecular electronics, 6, 7 optics, 8 sensors, 9 nanomechanics 10 and catalysts. 11 Using nanotubes in the implementation of devices such as actuators, 12 nanomotors 13, 14 and NEMS are also demonstrated. 15, 16 Even some of the characteristics of nanotubes such as their electric dipole moments (EDM, µ) are identified to have a role in the physical movement of the CNTs in low-friction bearings 17, 18 and sliders. 19 It is reported that in a double-walled nanotube there is a van der Waals interaction between the outer wall with its inner core, so that if the inner core is extracted out, the van der Waals restoring force will quickly and fully, after release, retract the extruded core into the outer shell. 20 When the core returns to the fully retracted position, although the van der Waals interaction energy is minimized, the speed of retraction will give the core a kinetic energy that will cause it to pass over this minimum energy point. It is subjected to a repulsive force as soon as it passes the position of minimum potential energy and thus the motion will be reversed, causing the core to extrude again which leads to the oscillation of the core. This makes the basis for a back and forth oscillation. To produce the initial extrusion of the core and to help maintain the oscillation at its natural frequency (gigahertz), 20 ,21 studies on the gigahertz oscillators have proposed three different displacement mechanisms; 1) use of a metallic nanotube which in an external magnetic field will extrude the inner core, 2) applying metal ions onto a nanotube surface which can be attracted or repelled by an exterior electric field, and 3) employing the pressure of a heating gas. Unfortunately, none of these methods have produced satisfactory results. However, if by functionalization of the inner core one transforms the wall of the nanotube into an electric dipole, then by applying a non-uniform external electric field to this electric dipole, the core would be easily extracted out and oscillation can start. 22 In our previous work, it was shown that the dipole moment of CNTs have a direct relationship with their degree of deformation. 23 That is, the deformation controls the magnitude and the direction of the dipole moment responsible for the oscillation of nanotubes under the influence of the electric field. Figure 1 shows such a deformed CNT inside a larger one with its EDM (µ) interacting with the applied external non-uniform field, causing it to physically move back and forth in the direction shown.
However, when nanotube deformation is studied by methods such as radial deformation, 24 defect formation 25 hydrostatic pressure 26 and functionalization using groups such as -OH and COOH, 27 the details of the induced deformation by an electrical charge imbalance which is responsible for dipole moment is not considered and mostly changes in bandgap, conductivity, and electronic structure are reported. Therefore, to be able to study the effect of electric field on movement of a nanotubes through interaction with its dipole moment, data on the details of deformation and magnitude and direction of the electric dipole moment generated are required; this article addresses this issue.
In this work, zigzag SWCNTs are deformed by end functionalization (adding 3 -OH groups to the end rims rather than the body of the nanotube) and the resulting deformation as well as magnitude and direction of electric dipole moment for each case is calculated. This was done to explain more clearly the relation between deformation and dipole moment while achieving higher values for dipole moment than were found previously by adding two -OH groups. 23 Furthermore, complete geometry optimizations of the (5, 0) pristine and functionalized SWCNT are implemented by DFT calculations. In addition, properties of each of the yielded isomers such as Gibbs free energies, the density of states, energy bandgap, conductivity and IR spectra are evaluated.
Model and Computational Methods
As an SWCNT model, a (5, 0) zigzag carbon nanotube containing 60 atoms was used. In the pristine CNT, the ten dangling bonds of the terminal carbon atoms at either end are saturated by hydrogen atoms. In order to obtain the functionalized model, three of these hydrogen atoms were replaced by three -OH groups (Fig. 2 ). This results in eight structural isomers as follows. From the eight cases, two structures have all three -OH groups located on one end. While the six other possible isomers have only two -OH groups on one rim and the third one on the opposite end.
To find the lowest energy state of the functionalized SWCNTs, these structures were optimized. The ground state calculations are done using DFT and B3LYP (Becke Three Parameter) hybrid functional, where the exchange functional is Becke's three parameter type. The gradient correction is considered and the correlation correction covers the gradient-corrected functional of Lee, Yang and Parr. 28 The reason for such choice is the fact that it is less demanding (computationally) than the other methods because it considers the inclusion of electron correlation and it seems to correctly predict a spectrum of molecular properties. The software package Gaussian 03 is used 29 along with the basis set 6-31G(d). The calculations did not result in any imaginary frequencies as the solution. Based on the nuclear displacements calculated by visual inspection of the animated normal modes using GaussView 03 software, 30 , the vibrational mode descriptions were made.
Results and Discussion

Thermodynamic Aspects
The main reaction to form the functionalized CNT's is assumed to be:
Using the B3LYP/6-31G(d) level of theory, the structures of both the functionalized as well as non-functionalized CNT'S are fully optimized. The Gibbs free energy of reaction in the standard conditions (ΔG 0 ) is as follows:
Where, G CNT OH energies of tri-hydroxylated CNT, O 2 and initial CNT, respectively, calculated from the theory level mentioned above. Table 1 shows the orbital energies for HOMO, LUMO and the energy gaps (ΔE) in the first three columns. The next column represents the dipole moments (µ) of each compound. The Gibbs free energy for each case is negative. Thermodynamically that refers to stability and favourable structure and condition of each compound. The ΔG values found and displayed in the last column are all obtained from Equation 1 in the gaseous phase. They represent negative values as well, indicating that the CNT reaction with the O 2 molecule is favourable with a high percentage of possibility for production.
The differences from -733.57 to -756.07 kJ mol -1 indicate the significance of the position of the hydroxyl group in five sites around either end. Considering all the possible hydroxylated isomers, the structure B where all three -OH groups are located at one end of CNT and an empty site in between the two hydroxyl groups show the lowest value for ΔG (-756.07 kJ mol -1 ).
However, the structure A, where three -OH groups are next to each other, with ΔG value of -733.57 kJ mol -1 is the least stable state and therefore, thermodynamically has the lowest possibility to form. This could be due to the electrostatic repulsion between the electron clouds of adjacent hydroxyl groups. Interestingly, the two cases that produce the most and the least stable cases are the ones that all three OH groups are located at one of the ends.
Structural Deformation and Frontier Orbital Nature
Bonding of -OH groups to the rim Carbon atoms have caused the geometries of the CNTs to be modified so that the cross-sections are not circular anymore but rather elliptical.
Calculated major and minor axes of the ellipses at the inlets of ends as well as their differences (δ 1 and δ 2 ) are reported in Table 2 . Here, δ 1 is related to the end which contains three or two hydroxyl groups and δ 2 is related to the end that either does not have any or contains only one hydroxyl group. From these values, one can realize the degree of structural deformation.
Addition of the third hydroxyl group at the site F generates an isomer which has the highest level of deformation with respect to the initial CNT (Fig. 3) . It is obvious that in structures C-H, the end which contains only one hydroxyl group show more distortion than the other end containing two hydroxyl groups. Figure 4 depicts the values of band gap energies (ΔE), electrical dipole moment (µ) and deformation (δ 2 ) of all the structures studied in Tables 1 and 2 . From this figure, it is clear that the ΔE and µ are related to δ 2 . For instance, the structures D--E show higher deformation (δ 2 ), indicating higher values for ΔE and µ. Interestingly, the structures A and C have similar values for δ 2 , ΔE and µ.
The shapes and symmetry of HOMO and LUMO orbitals that are related to the location of -OH groups are shown in Fig. 5 . In structures A and B where the three -OH groups are at either end or only two of the hydroxyl groups are located on one end (C-H), this dependency becomes more evident. It seems that in structures A-C the frontier orbitals display a vertical symmetry with respect to a sheet normal to the figure along the length of the CNT. This symmetry turns diagonal for the cases E-H.
Evaluation of Dipole Moment
The direction and the relative magnitude of the electrical dipole moments are tabulated in Table 1 and illustrated in Fig. 5 . From these data, dipole moments are clearly dependent on the hydroxyl group positions.
Since the electronegativity of O atoms is higher than C atoms, one expects that the direction of the resultant dipole moment to be toward the end that has a higher number of -OH groups. Here, case A verifies this expectation while the cases B-H, do not follow this line of thought. As it became clear the deformation has a stronger impact on the direction of the dipole moment. From δ 1 and δ 2 data in Table 2 and Fig. 5 , the direction of dipole moment seems to be always from the side that has larger deformation toward the less deformed end. From the magnitude point of view, when the two -OH groups are located at one end, the magnitude of the resultant dipole moment (6.6243-6.9559 D) is larger than the ones that all three are located on one end (1.6495 and 4.2464 D). Only case C is an exception (1.7811 D). It has to be mentioned that in the previous paper, 23 the highest dipole moment obtained was µ = 5.6604 D (for 60 carbon atom nanotube). From these data and the values of δ 2 in Table 2 as the diagram of Fig. 4 , whenever the deformation of CNT is higher, the magnitude of dipole moment is also larger. Ershova et al. 22 report that by adding 10 fluorine atoms as electron acceptors on one rim and 10 hydrogen atoms as electron donors to the opposite end of a nanotube containing 240 carbon atoms, one can generate a dipole moment of the size 22.4 D (7.4 × 10 -29 C m) which can produce oscillation frequencies of up to 388 GHz. Despite the smaller dipole moment in this study, a three -OH functionalized CNT with the molecular mass of 778 g mol -1 has an oscillation frequency higher than what has been reported before. Recall that Ershova et al. 22 used a 10-F functionalized CNT with the molecular mass of 3080 g mol -1 . It has to be mentioned that the frequency of oscillation is proportional to square root of the inverse mass of a nanotube. 22
IR Spectra of Tri-hydroxylated CNT
The IR-spectra of all the structures A-H along with the pristine CNT is depicted in Fig. 6 . From Table 3 and the figure, it is clear that IR vibrational frequencies are dependent on the positions of -OH groups. In Fig. 6 the frequency range of 3000-4000 cm -1 , the vibrational frequencies of O-H, as well as C-H, are depicted. Due to the three -OH groups, one expects that three peaks corresponding to the stretching frequency (ν O-H ) to be observed. This can be seen in Table 3 , where values of frequencies are distinc-tively enumerated. Some of these resulting frequencies are so adjacent to each other that in plotting them, they almost overlap and indistinguishable, except for the cases A and D where the three frequencies are distinct (Fig. 6) .
Apparently, in Case A where the three -OH groups are next to each other, the three peaks are not only spaced out but the middle hydroxyl group causes a frequency (3423 cm -1 ) that is separated from the other two peaks ( 3699 and 3723 cm -1 ). This is the lowest frequency among all eight structures. Such a low frequency might be due to intra-molecular hydrogen bonding between this hydroxyl group with one of the neighboring -OH groups.
The exact values of the C-H stretching frequencies (ν C-H ) are shown in Table 3 . For the sake of discussion, the values of the highest intensities are put in parentheses. From the study of these values, it seems that the structures which possess two -OH on one end and another one on the other end, show a lower frequency compared to CNT and cases A & B. The only exception is again the case C which shows high ν C-H . For the case of bending C-H frequencies (δ C-H ), it appears that by adding -OH groups to the nanotube, the resulting δ C-H for all structures except for the case A, is always smaller than pristine CNT. Referring to Fig. 6 , the breathing frequencies are clearly visible in cases A-C & CNT. However, for D-H the intensity of these frequencies is not as evident.
The Density of States (DOS)
This parameter is usually used for the evaluation of conductivity and optical properties of materials. In Fig. 7 the DOS of regular CNT, as well as hydroxylated ones, are presented. The values of bandgap reported in Table 1 and DOS diagrams can be used to qualify the electrical conductivity. The conclusion here is that the position of hydroxyl groups strongly influences the electrical properties of structures.
As it is seen, right at the start of virtual orbitals, the height of these peaks in structures A, D, F & G are more pronounced than the rest of the CNT's and therefore it will provide a higher RESEARCH ARTICLE S. Rastani and H. Mostaanzadeh, 225 S. Afr. J. Chem., 2019, 72, 222-228, <https://journals.co.za/content/journal/chem>. Table 3 The vibrational modes (strongest) of the pristine and A-H structures (ν, the stretching mode, δ, the bending mode, and δ C-H ⊥, the bending mode of C-H groups that vibrates in perpendicular to the longitude side of CNT number of virtual orbitals for the electrons to move into. In cases of A, B, C and E due to the fact that the virtual orbitals are more compact, the energy associated with them appears as a continuum and consequently one expects that they have greater conduction in these structures.
Referring to Table 1 , for the cases A & B where the three -OH groups are on one end, the bandgaps are smaller than the other structures except the case C. Furthermore, from Fig. 7 the location of HOMO orbitals in cases A, B, and C are around Fermi level of the cases D, G and H. so, the cases A, B and C can function as n-type for the cases D, G and H which can be considered p-type.
Conclusions
The electric dipole moment magnitude and direction for eight isomers resulting from end functionalization of CNTs with three -OH groups are calculated. The hydroxylated structures were optimized and analyzed in detail. Calculations show that the molecular properties such as geometry, stability, vibrational frequency and electrical aspects of the resulted hydroxylated CNTs strongly depend on the position of -OH groups. It was found that these structures are thermodynamically more stable than pristine CNT. One of the major conclusions of the addition of -OH groups is that the degree of induced deformation has a direct relationship with the magnitude and direction of dipole moment as well as energy gap of the resulting functionalized CNT's. Moreover, the direction of dipole moment seems to be always from the side that has larger deformation toward the less deformed end. The magnitude of dipole moment obtained is higher than previous study which resulted in a higher oscillation frequency. The concept of tailoring of the CNT structures with functionalization to control their dipole moments through deformation and subsequently to control the frequency of its oscillation is successfully presented.
